A detailed analysis of the flow-flame interactions associated with acoustically coupled heat-release rate fluctuations was performed for a 10 kW, CH 4 /air, swirl stabilized flame in a gas turbine model combustor exhibiting self-excited thermoacoustic oscillations at 308 Hz. High-speed stereoscopic particle image velocimetry, OH planar laser induced fluorescence, and OH* chemiluminescence measurements were performed at a sustained repetition rate of 5 kHz, which was sufficient to resolve the relevant combustor dynamics. Using spatio-temporal proper orthogonal decomposition, it was found that the flow-field contained several simultaneous periodic motions: the reactant flux into the combustion chamber periodically oscillated at the thermo-acoustic frequency (308 Hz), a helical precessing vortex core (PVC) circumscribed the burner nozzle at 515 Hz, and the PVC underwent axial contraction and extension at the thermo-acoustic frequency. The global heat release rate fluctuated at the thermo-acoustic frequency, while the heat release centroid circumscribed the combustor at the difference between the acoustic and PVC frequencies. Hence, the three-dimensional location of the heat release fluctuations depended on the interaction of the PVC with the flame surface. This motivated the compilation of doubly phase resolved statistics based on the phase of both the acoustic and PVC cycles, which showed highly repeatable periodic flow-flame configurations. These include flames stabilized between the inflow and inner recirculation zone, large-scale flame wrap-up by the PVC, radial deflection of the inflow by the PVC, and combustion in the outer recirculation zones. Large oscillations in the flame surface area were observed at the thermo-accoustic frequency that significantly affected the total heat-release oscillations. By filtering the instantaneous reaction layers at different scales, the importance of the various flow-flame interactions affecting the flame area was determined. The greatest contributor was large-scale elongation of the reaction layers associated with the fluctuating reactant flow rate, which accounted for approximately 50% of the fluctuations. The remaining 50% was distributed between fine scale stochastic corrugation and large-scale corrugation due to the PVC. Published by Elsevier, Combustion and Flame, 157 (2010) 2250-2266 
Introduction
Lean swirl-stabilized flames are extensively employed in modern gas turbine combustors in order to reduce NO x emissions [1] [2] [3] . However, combustion driven instabilities can occur in such systems when periodic fluctuations in the heat release rate couple with one of the acoustic modes of the combustion chamber. The ensuing feed-back loop adds energy to both the heat release and pressure fluctuations, increasing their amplitude. This can lead to unsteady operation, flame extinction, and mechanical damage to the engine. Considerable effort therefore has been made to better understand these thermo-acoustic instabilities and extensive reviews are provided in Refs. [4] [5] [6] [7] .
While various active and passive control mechanisms have been developed to mitigate thermo-acoustic insta- * Corresponding author email: adam.steinberg@dlr.de bilities [8] [9] [10] [11] , there are still many unanswered questions regarding the fundamental mechanisms causing coupled acoustic and heat release fluctuations. Candel [4] identified eleven different flow and combustion processes that could lead to instabilities in different situations. However, understanding how and when these mechanisms couple with acoustic fluctuations is very difficult due to the complexity of the flow-flame interactions occurring in swirl-stabilized combustors. For example, a variety of studies have shown that swirl-induced vortex breakdown can lead to the formation of large-scale helical vortex structures that precess around the combustor and greatly affect the mixing and combustion [12] [13] [14] [15] [16] [17] .
The application of advanced laser-based diagnostics to gas-turbine relevant flames has provided considerable insight into these interactions and other phenomena important to thermo-acoustic instabilities. Such investigations have targeted systems ranging from simple, unconfined flames [18, 19] to high-temperature, high-pressure combustors using complex fuels [20] [21] [22] [23] [24] [25] [26] . However, the simple flame configurations are typically designed to study one particular fundamental process and do not describe the complex flow-flame interactions occurring in practical systems. Conversely, experiments at operating conditions similar to those of practical gas-turbines are unable to provide systematic and detailed investigations of these interactions due to uncertainty in boundary conditions, limited optical access, expense, and the reduced effectiveness of several important measurement techniques in highpressure and/or liquid fueled flames. The advancement of Large Eddy Simulations (LES), which resolve the integral time and length scale flow/flame dynamics, also have provided new insight into the behavior of swirl stabilized combustors [27] [28] [29] [30] [31] [32] [33] . However, such simulations require models for the turbulence, flame, and turbulence-flame interactions occurring in the subgrid, which are still a topic of research [7, [34] [35] [36] .
It therefore is useful to investigate gas-turbine-like swirlflames in well controlled, rigorously defined, and highly repeatable laboratory conditions that are designed to allow for the application of advanced laser diagnostics. Such gas turbine model combustors (GTMC) exhibit many of the features of the practical systems, such as self-excited thermo-acoustic instabilities and precessing vortex cores, while remaining sufficiently manageable that experimental measurements can provide significant physical insight and detailed model validation data [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . In the present study, a laboratory scale gas turbine combustor has been investigated under thermo-acoustically unstable conditions at atmospheric pressure. The burner is a modified version of a practical gas turbine swirl combustor in which fuel and air entered in separate streams, but partially premixed before combustion. The three-component planar velocity field, planar laser induced fluorescence (PLIF) from the OH combustion radical, and chemiluminescence from electronically excited OH (OH*) all were measured at a sustained repetition rate of 5 kHz, allowing resolution of the thermo-acoustic combustor dynamics.
This combustor has been the subject of numerous previous experimental investigations. Giezendanner et al. [37, 38] studied a lean methane-air flame that exhibited selfexcited thermo-acoustic oscillations in the range of 290 Hz using OH, CH, and CH 2 O PLIF, laser Doppler velocimetry (LDV), and OH* chemiluminescence. The PLIF and chemiluminescence measurements were performed at a rate of 10 Hz and locked to various phase angles of the dominant acoustic oscillation. Duan et al. [39] studied the same flame using phase-resolved LDV, Raman scattering, and OH/CH PLIF. It was found that both the fuel and air flow rates underwent significant variations over an acoustic cycle. Furthermore, there was a significant correlation between the mass flux (measured from the axial velocity at the nozzle exit) and the heat release rate in the combustion chamber. Using similar diagnostics, Weigand et al. [40] showed that there were periodic variations in the mixing of hot products with fresh reactants. This could cause ignition of such reactants and increase the global heat release rate.
Recent work in this combustor has focused on flowflame interaction, with the aim of better understanding the mechanisms that drive the instability. Weigand et al. [41] and Meier et al. [42] investigated three different GTMC flames using OH/CH PLIF, LDV, and Raman scattering. The flames studied demonstrated a wide range of behaviors, with one exhibiting self-excited thermo-acoustic oscillations, one burning stably, and one exhibiting periodic lean blowout. In all cases, it was found that the flame did not stabilize directly on the fuel nozzle, but was lifted by several millimeters. This allowed the fuel and air to partially premix before combustion began at the flame root. The combustion behavior in the near-field of the nozzle was influenced both by mixing and finite rate chemistry. Reactions occurred in thin layers and strong turbulencechemistry interactions were observed to cause local extinction of these layers.
Such interactions were further elucidated by Stöhr et al. [43, 45] and Sadanandan et al. [44] using stereoscopic particle image velocimetry (PIV) and OH PLIF. By applying the method of proper orthogonal decomposition (POD), it was shown that the dominant flow structure was a helical vortex that precessed around the burner nozzle at a frequency that was independent of the acoustics. Considerable mutual interaction between this precessing vortex core (PVC) and flame was observed. Most recently, Boxx et al. [50] studied this combustor using highrepetition-rate laser and optical diagnostics. Stereoscopic PIV, OH PLIF, and OH* chemiluminescence all were applied at a sustained repetition rate of 5 kHz. This allowed qualitative observation of several important flow-flame interactions including flame roll up, local extinction, and possible auto-ignition events. Frequency analysis of the PVC was conducted using both POD analysis and monitor points at characteristic locations in the combustor.
The wealth of experimental data has yielded considerable insight into both the behavior of this burner and important processes for swirl stabilized combustion in general. However, a complete description of the flow-field dynamics and, in particular, how they couple with heat release oscillations has remained elusive. Low repetitionrate (i.e. 10 Hz) measurements can be correlated with a particular phase of the acoustic cycle to determine phasecorrelated statistics. However, deriving phenomenological descriptions from such an analysis requires the flow and flame have the same statistics at the measurement location over every acoustic cycle, which does not occur due to the three-dimensional, asymmetric PVC. In fact, due to its motion around the combustion chamber, phase-correlated velocity statistics at the thermo-acoustic frequency may not capture the PVC at all [41] . Furthermore, instantaneous measurements at the same phase of the acoustic cycle will indicate very different phenomenology depending on the three-dimensional position of the PVC relative to the measurement location.
To overcome the limitations of conventional 10 Hz measurement techniques, high-repetition-rate (multi-kHz) planar laser diagnostics recently have been applied to a variety of turbulence and combustion problems. In configurations with low through-plane motion, such diagnostics have the capability of explicitly resolving important dynamic processes [51] [52] [53] [54] [55] [56] [57] . High-repetition-rate diagnostics also have been applied to study swirl-stabilized flames in gas-turbine-like combustors [50, 58] . Previous work in this burner using such diagnostics has investigated individual time sequences of OH PLIF and stereoscopic PIV measurements in order to observe the dynamics of the flame and flow [50] . However, the high through-plane motion in these flames means that subsequent measurements are not well correlated in time; the measurements at a given time are not the continuation of the same fluid and flame that was measured at the previous time. It therefore is not possible to determine if the observed events are due to transient interactions or through-plane convection of quasi-stable configurations. Furthermore, the results in Ref. [50] show that individual time sequences appear to have a very chaotic behavior. While such issues may be mitigated by using multiple simultaneous measurement planes, it is not currently feasible to characterize the full three-dimensional, temporally evolving flow-field and flame.
In contrast to previous investigations of individual time sequences, this work focuses on using characteristic spatial and temporal signals from planar high-speed measurements to investigate repeatable phenomena that are associated with the thermo-acoustic instability. That is, the important flow-flame interactions for driving a thermoacoustic instability are, by necessity, periodic over the acoustic cycle somewhere in the combustor. Correct interpretation of these interactions therefore requires simultaneous consideration of the acoustics and the three-dimensional asymmetry brought about by the PVC. The analysis of these interactions in this work follows several steps. First, important periodic dynamics of the flow-field are described based on the high-speed velocity measurements. The highspeed chemiluminescence and PLIF measurements are then used to qualitatively describe important, large-scale features of the flow-flame interaction, which were strongly influenced by the dynamics of the PVC. It then is shown that the high-speed measurements can be used to compile statistics that are simultaneously resolved with respect to the phase angles of the acoustic cycle and the PVC motion around the combustion chamber. These statistics reveal flow-field and flame configurations that are very repeatable when both phase angles are considered together. Finally, the insights gained from the doubly phase resolved statistics are combined with the temporal measurements to describe the flow-flame interactions causing acoustically coupled heat release fluctuations. 
Combustor and diagnostics
The GTMC used for this work has been the subject of numerous previous studies in which the geometry is described in detail [37] [38] [39] [40] [41] [42] [43] [44] [45] . Furthermore, the analysis presented in this work is based on the experiments of Ref. [50] . Hence, only a brief description of the combustor and diagnostics is provided here.
Gas turbine model combustor
The GTMC is shown schematically in Fig. 1 . Coswirling dry air at room temperature was supplied to the flame through a central nozzle (diameter 15 mm, eight swirl channels) and an annular nozzle (i.d. 17 mm, o.d. 25 mm contoured to an o.d. of 40 mm, 12 swirl channels), both of which were fed from a common plenum. Nonswirling CH 4 was introduced through a ring comprised of 72 square 0.5 mm x 0.5 mm channels between the air nozzles. The exit plane of the fuel and central air nozzles was 4.5 mm below that of the outer nozzle and the latter was taken as the reference height (y = 0).
The burner was enclosed in an optically accessible combustion chamber comprised of fused silica plates held in the corners by Inconel R alloy posts. This allowed virtually unobstructed optical access to the flame. The chamber had a square cross section of 85 mm x 85 mm and a height of 114 mm. The exhaust was formed from a steel plate with a conical contraction, leading to a 40 mm diameter exhaust tube.
Under certain operating conditions, flames in this burner exhibit self-excited thermo-acoustic pulsations, while under other conditions the flames operate stably [41, 42] . The flame studied here corresponded to 'Flame B' in Refs. [41, 42] , was identical to that studied in Ref. [50] , and produced large-amplitude thermo-acoustic pulsations at 308 Hz. Fuel and air were supplied to the combustion chamber at rates of 12.3 g/min and 281 g/min, respectively. Flow rates were controlled using electromechanical mass flow controllers (Brooks) and monitored using calibration standard Coriolis mass flow meters (Siemens Sitrans F C) with an uncertainty of 1.5%. The resultant flame had a thermal power of 10 kW, a global equivalence ratio of 0.75, and a swirl number of 0.55. The Reynolds number based on the total reactant flow rate and the minimum outer nozzle diameter (25 mm) was about 15,000. The burner was allowed to thermally stabilize at full power for at least 20 minutes prior to data acquisition. During a data acquisition run, approximately 4% of the air mass flow was diverted through a fluidized bed particle seeder containing 0.5 µm TiO 2 particles to enable the velocity measurments. The air flow was seeded only during the short data acquisition periods to reduce the accumulation of particles on the windows. Becuase the flow only was seeded for a few seconds at a time, window degradation was minimized and several data acquisition runs could be accomplished before window contamination significantly affected the measurements.
The burner was equipped with multiple ports for microphone probes and pressure transducers. Two probes (Brüel & Kjaer, Type 4939) were used for this study, one mounted in a corner post of the combustion chamber and one in the outer wall of the plenum. Both probes were sampled at a rate of 20 kHz using a multichannel DAQ system, which simultaneously recorded the camera intensifier trigger for the PLIF system described below. This allowed synchronization of the acoustic and laser based measurements. The frequency spectra measured from the probes were virtually identical and showed a large amplitude acoustic fluctuation at 308 Hz. The signal from the plenum microphone exhibited less noise than that from combustion chamber and had a phase shift of approximately 85
• in the dominant Fourier transformation frequency. Due to the reduced noise, this plenum signal was shifted in phase to match that in the combustion chamber and used to identify the phase angle in the acoustic cycle at which each laser based measurement was acquired. Examples of the acoustic signals are provided in Section 3. 
Stereoscopic particle image velocimetry
Three-component planar velocity-fields were measured at a rate of 5 kHz using stereoscopic PIV. The system, shown in Fig. 2 , consisted of a high-repetition-rate, dualcavity, diode-pumped, solid state Nd:YAG laser (Edgewave, IS-6IIDE) and a pair of high-speed CMOS cameras (LaVision HSS5). Laser pulse pairs (532 nm, 2.6 mJ/pulse, 14 ns pulse duration, 20 µs between pulses) repeating at 5 kHz were expanded into a collimated sheet using a two component cylindrical lens telescope. The sheet was then focused to a width of 0.7 mm at the burner axis using a third cylindrical lens. Particle-scattered light from the TiO 2 seed was collected into the cameras using 100 mm focal length commercial camera lenses at f/5.6 (Tokina).
The pair of CMOS cameras were mounted equidistant from opposite sides of the laser sheet in a forward-scatter configuration. Image defocussing due to the angular configuration was corrected by rotating the camera body with respect to the lens as stipulated by the Scheimpflug criterion. Perspective distortion brought about by this configuration was corrected by imaging a three-dimensional dot target (LaVision type 7) that was placed in the measurement plane. The distorted dot target was transformed to a normal coordinate system using the LaVision DaVis 7.2 software package. The same target images were used to align the fields-of-view from the PIV cameras with that from the PLIF camera described below.
Vector fields were computed from the particle image spatial cross-correlation using the LaVision DaVis 7.2 software package. An adaptive multi-pass vector evaluation technique was used, with interrogation boxes ranging from 64 pixels to 16 pixels. In dual frame mode at 5 kHz, the PIV cameras had an active sensor size of 512 x 512 pixels. The field-of-view imaged by the PIV system was 32 mm x 30 mm (shown in Fig. 1 ), resulting in a spatial resolution and vector spacing of approximately 0.94 mm and 0.47 mm respectively. Each camera had 2.6 GB of memory, allowing 4096 image pairs to be obtained over a measurement duration of approximately 0.8 s. It is noted that the main advantage of the stereoscopic aspect of the diagnostics for the present analysis was to increase the accuracy of the computed in-plane velocity components. Stereoscopic PIV provides better accuracy than conventional one-camera PIV in flows with high through-plane motion due to reduced perspective error [59] .
Planar laser induced fluorescence and chemilumines-
cence Laser induced fluorescence was used to measure the planar distribution of the OH combustion radical and was conducted simultaneously with the PIV measurements. The OH PLIF system consisted of a high-repetition-rate, frequency doubled Nd:YLF laser (Edgewave IS-8IIE) pumping a dye laser (Sirah Cobra-Stretch modified for kHz pumping). At 5 kHz, the pump laser delivered 3.8 mJ/pulse (19 W average output) at 523 nm with an 8.5 ns pulse duration. The output of the dye laser was frequency doubled and tuned to excite the Q 1 (7) line of the A-X (1,0) transition of OH at 283.2 nm. Tuning of the laser wavelength was checked daily using a calibration burner. After frequency doubling, the average output power of the dye laser at 283.2 nm was 0.5 W or 0.1 mJ/pulse. The laser beam was formed into a sheet with a height of approximately 40 mm and a waist of approximately 0.4 mm using three cylindrical lenses. This sheet was overlapped with the PIV laser sheet using a dichroic mirror and sent into the test section along the same beam path.
Fluorescence of the OH radical in the range of 310 nm was acquired with a CMOS camera (LaVision HSS6) equipped with an external, two-stage, lens-coupled intensifier (LaVision HS-IRO) and a 45 mm f/1.8 UV lens (Cerco). The intensifier gate time was set to 500 ns and the PLIF laser pulse occurred between the first and second PIV laser pulses on each cycle. The field-of-view imaged by the PLIF system covered the entire width of the combustion chamber (85 mm) and extended from the nozzle exit to a height of 40 mm.
Background luminosity and elastic scattering were reduced by using a 500 ns intensifier gate, a high-transmission (> 80% at 310 nm) bandpass interference filter (Laser Components GmbH), and a color glass filter (1 mm thick WG295 Schott glass). The OH images were corrected for the mean laser sheet intensity profile, which was determined based on 1000 images of the fluorescence from a uniform acetone vapour that was doped into the test area. A correction also was made to remove the mean flame luminosity.
The line-of-sight integrated spontaneous emission of electronically excited OH (OH*) was imaged separately from the PLIF and PIV measurements, but under identical run conditions. The camera/lens/filter arrangement for the chemiluminescence camera was identical to that of the OH-PLIF camera; however, the intensifier gate time was extended to 25 µs in order to capture sufficient signal. The field-of-view was not restricted by a laser sheet height and chemiluminescence was collected over an 85 x 85 mm region at a rate of 5 kHz for a 0.8 s duration. The OH* chemiluminescence was taken as a qualitative indicator of the integrated heat release rate in the combustor [8] .
Analysis of temporally resolved measurements
To begin, important features of the combustor behavior will be described based on the temporally resolved measurements. These observations motivate the doubly phase resolved statistical analysis presented in Section 4. All images and statistics were extracted from two approximately 0.8 s long measurement sequences, containing a total of approximately 8000 simultaneous PIV/PLIF images.
Flow-field dynamics
For the present investigation using high-speed diagnostics, velocity measurements were not taken over the entire combustion chamber. However, such measurements were obtained using a conventional 10 Hz PIV system in Refs. [43] [44] [45] . The mean flow-field derived from these experiments is overlaid on the burner geometry in Fig. 1 and exhibited the large inner recirculation zone and smaller outer recirculation zones that are characteristic of swirl stabilized combustors. However, the same experiments also demonstrated that the instantaneous flow-fields did not resemble this mean configuration, but instead consisted of many individual vortices in a time varying configuration. Stöhr et al. [43] and Boxx et al. [50] showed that the turbulent structures with the highest kinetic energy represented a helical precessing vortex core (PVC) that circumscribed the burner nozzle at approximately 515 Hz. The PVC has been observed under all operating conditions studied in this combustor (both reacting and nonreacting) and the precession frequency increased linearly with the mass flow rate. The PVC also is present in industrial gas turbines and has been shown to greatly affect thermo-acoustic instabilities (e.g. Ref. [13] and references therein).
Understanding the flow-flame interactions causing the thermo-acoustic instability requires understanding the repeatable flow-field dynamics in great detail. To achieve this, a spatio-temporal proper orthogonal decomposition (POD) analysis was applied to the high-speed velocity data. POD analysis is a mathematically rigorous method of extracting the most energetic features of a data set and has been successfully applied to the study of turbulence and combustion [29, [60] [61] [62] . Since the mathematical basis of POD is well established, only a brief description pertinent to this analysis is presented in Appendix A. In summary, POD analysis from a sequence of n temporally resolved velocity-field measurements provides a set of n spatial eigenmodes (M j (x, y)), temporal coefficients (a j (t)), and eigenvalues (λ j ) such that the eigenmodes form an orthogonal basis for the original data set. The eigenvalues represent the contributions of the modes to the overall kinetic energy of the flow and the particular property of POD analysis is that it provides optimal convergence of the kinetic energy. That is, the sum of the highest k eigenvalues for the POD basis is larger than for any other orthogonal basis. Assuming that the eigenvalues are sorted in descending order, the first modes represent the dominant flow features. It is common practice in the application of POD to center the data about the mean such that the first (most energetic) mode represents a fluctuation. However, the mean flow-field shape, represented by the streamlines in Fig. 1 , oscillated in intensity due to the coupling of the combustion chamber with the reactant feed system. The POD therefore was performed on the complete data set in order to explicitly capture this fluctuation. The temporal history of the velocity-field from the k most dominant modes is given by
th POD mode was identical to the mean field shown in Fig. 1 . Spectral analysis of a 0 (t) using a fast Fourier transformation (FFT) showed a single, large amplitude fluctuation at exactly the thermo-acoustic frequency, 308 Hz. This fluctuation represented a periodic variation in flow rate into the combustion chamber due to acoustic coupling with the reactant supply and will be discussed in more detail below. The first and second modes (j = 1 and 2) were anti-symmetric turbulent modes representing the PVC. The power spectra of a 1 (t) and a 2 (t) were qualitatively identical to those presented in Ref. [50] and showed strong peaks at 515 Hz and 207 Hz. The former peak represented the precession of the vortex core around the burner nozzle. The latter peak was at the difference between the PVC and thermo-acoustic frequency, which will be shown to be very important.
The dynamics of the PVC as it precessed once around the nozzle are shown in Fig. 3 . This time sequence was reconstructed from the 0 th − 10 th POD modes, which contained over 90% of the kinetic energy occurring at a coherent frequency and over 70% of the total kinetic energy of the flow. Hence, these images represent the dynamics of the PVC, with the majority of the stochastic turbuence removed. The flow is visualized in terms of the out-ofplane vorticity (ω z ), which was calculated by integrating the circulation around each measurement point. As can be seen, the PVC precessed once around the nozzle in approximately 2 ms, agreeing with the results of the frequency analysis. During this precession, the helical vortex under- went significant contraction in the axial direction. The half-period of this contraction was approximately 1.6 ms, corresponding to half of the thermo-acoustic cycle. This aspect of the PVC dynamics will be discussed in more detail in Section 4, where it is shown that the axial PVC dyanmics are periodic over the thermo-acoustic cycle. Figure 4 shows a short temporal sequence of the acoustic fluctuation, the volumetric flow rate (v) fluctuation, and the first two POD temporal coefficients. All fluctuations were taken relative to the long-time average (over many acoustic cycles), which is denoted ↔ · . The temporal origin in this figure is the same as that for the PVC motion in Fig. 3 . The volume flow rate was approximated by integrating the velocity across the nozzle exit. At some instants the inner recirculation zone penetrated into the central nozzle. Hence, only locations of positive axial velocity were included in the volume flow rate calculation to accurately represent the flow of fresh reactants into the combustion chamber. Spectral analysis showed thatv fluctuated at solely the thermo-acoustic frequency, 308 Hz. As can be seen from Fig. 4 , the flow rate of reactants into the combustion chamber underwent significant fluctuations of over 50% of the mean and lagged the acoustic fluctuations by approximately 225
• , which is consistent with the results of Ref. [39] . The temporal coefficient of the 0 th POD mode matched the phase and frequency of the mass flow rate fluctuation. Comparing Figs. 3 and 4 , axial stretching of the PVC occurred at a time of high pressure and contraction occurred at a time of low pressure. This aspect of the oscillating flow field due to coupling of the thermoacoustic pressure fluctuations with the nozzle and reactant feed system also occurs in practical gas turbine engines [7] .
It previously has been shown that the PVC frequency increases linearly with the bulk flow rate [13] . It therefore is interesting that the PVC frequency in this flame was very steady, with a full-width-at-half-maximum in the spectral peak of only a few Hertz, despite the fact that the instantaneous flow-rate into the combustion chamber could vary by over 50% during a thermo-acoustic cycle. This indicates that, while the overall precession frequency varies linearly with flow-rate, it is insensitive to high-frequency flow-rate fluctuations. There was no evidence of a widely varying PVC frequency in any mode of the POD analysis or from individual measurement sequences.
The overall flow-field dynamics of this combustor therefore can be regarded as the sum of several motions:
1. A periodic fluctuation of the reactant flow rate into the combustion chamber at the thermo-acoustic frequency of 308 Hz 2. The precession of the helical vortex core around the burner nozzle at 515 Hz 3. The stretching and contraction of the PVC in the axial direction at 308 Hz 4. Stochastic turbulence overlaid on these periodic fields
Heat release rate dynamics
Spontaneous emission, or chemiluminescence, from OH* occurs primarily in the reaction zone and can be taken as a qualitative indicator of the heat release rate,q [8] . Spectral analysis in Ref. [50] showed that the total chemiluminescence signal in this flame, integrated over the combustor volume, fluctuated at exactly the thermo-acoustic frequency. Figure 5 shows the temporal evolution of the chemiluminescence field over a short time period, during which the signal moved around the burner. To describe this motion, the intensity-weighted chemiluminescence centroid (x qc , y qc ) was calculated for each recorded image. Figure 6 shows temporal histories of the total chemiluminescence signal, the acoustic signal, and the radial centroid location over the time period in Fig. 5 . As can be seen, the total chemiluminescence intensity fluctuated at the thermo-acoustic frequency, with intensity peaks separated by 3.2 ms. However, the centroid moved around the combustor over a time span that was longer than the thermo-acoustic frequency. Figure 7 shows the power spectrum of the radial and axial centroid locations. The location of the heat release circumscribed the combustor at exactly 207 Hz, which is the difference between the thermo-acoustic frequency and the PVC precession frequency. The heat release location also moved axially at the thermo-acoustic frequency.
The frequency of the radial motion shows that the location of the heat release fluctuation was greatly affected by the PVC. That is, as the PVC axially contracted and extended over the thermo-acoustic cycle, it caused a periodic asymmetry in the flame surface. In a PVC fixed frame, this asymmetry moved around the burner at the thermo-acoustic frequency and in the opposite direction of the PVC motion. Hence, the frequency of the heatrelease asymmetry in the laboratory frame circumscribed the combustor at the difference between the PVC and thermo-acoustic frequencies. This asymmetry will be discussed in more detail below. However it clearly can be seen that, in order to phenomenologically describe the flowflame interaction from planar measurements, the phase of the thermo-acoustic cycle and the PVC position relative to the measurement plane must be considered.
Planar flame and flow dynamics
Before analyzing the flow-flame interactions in detail, it is useful to qualitatively observe their dynamics from the planar high-speed measurements. Figure 8 shows a typical sequence of OH PLIF images and velocity-fields over an acoustic cycle; Figure 9 shows the temporal history of the volume flow rate into the combustor, pressure, and PVC precession over this time sequence. It must be remembered that the flow was swirling at a high rate and the image sequence does not show the evolution of a particular section of fluid with time.
The flow-field is visualized in terms of the vorticity (ω z ) and the axial velocity (u y ). In each flow-field image, the thick black line represents the instantaneous reaction layer topography, which was mapped from the gradient of the OH signal. Determining the topography of reaction layers from OH PLIF images is challenging because OH exists not only in the reaction zone, but in high temperature products and products mixtures above approximately 1500 K [44, 63] . However, Sadanandan et al. [44] observed that OH exists in super-equilibrium quantities immediately downstream of the flame surface, as is found in a laminar premixed flame. The OH signal gradient associated with the reaction zone was much higher than the gradient in the burnt gases associated with the decay toward equilibrium. Hence, they observed that the reaction layers can be identified by regions of high OH gradient. An algorithm therefore was developed for this work that robustly detects the flame surface topography and converts it into mathematically treatable entities using the procedure outlined in Appendix B. It is noted that the flames thus determined are not a direct measure of the reaction rate. The reaction rate may vary along the flame due to local stratification (i.e. non-homogeneous equivalence ratio), strain-rate, and preheating due to product-gas recirculation. Nevertheless, the derived topography is sufficient to study many mechanisms of thermo-acoustic instability. Mathematically, each reaction layer was treated as a parametrically defined contour, f (ϕ) = x f (ϕ)ê x + y f (ϕ)ê y , whereê x andê y are the respective unit vectors in the radial and axial directions.
The OH and velocity-field images in Fig. 8 exhibit many important characteristics. The most intense OH signal was near the nozzle exit, where hot products from the inner recirculation zone mixed rapidly with fresh gas to stabilize strong combustion. At the beginning of the sequence, the fresh reactants, indicated by the region of low OH, did not penetrate deeply into the combustion chamber and the flame was anchored near the burner nozzle. The branch of the PVC on the left of the combustor was near the flame-front and radially deflected the incoming reactants but did not cause local flame surface wrap-up. This time corresponded to a surge of reactants into the combustor, i.e. a high volumetric flow rate as indicated by Fig. 9 . After a time lag, this surge caused the swirling reactant flow to penetrate deeper into the chamber and caused increased corrugation in the flame surface. A distinct asymmetry in the flow-and OH-fields occurred, with the reactant flow on the left side oriented more horizontally with respect to the combustor base. The reactant flow on this side of the combustor penetrated closer to the wall and combustion occurred along the bottom of the reactant jet (in the outer recirculation zone). At t = 2.4 ms, a flame segment that had been wrapped up by the PVC convected into the plane. The highly swirling flow pro- gressed around the combustion chamber by approximately 220
• during this time sequence, estimated from the tangential velocity. Hence, the apparent asymmetry on the left of the combustor was distributed in space and swirled around the combustion chamber. To better understand this asymmetry and the combustor dynamics in general, the relative phase of the PVC with respect to the acoustic signal and measurement plane must be considered.
Doubly phase resolved analysis
Since the interaction of the PVC and the flame over an acoustic cycle has a large effect on the heat release rate, correctly interpreting the interaction from planar measurements requires simultaneous consideration of both the acoustic fluctuation and the position of the PVC with respect to the measurement plane. This can be achieved by resolving the temporal measurement sequence with respect to the phase of both phenomena. The phase in the acoustic oscillation (φ a ) was determined from the microphone measurements. Over each acoustic cycle, the time at which the pressure fluctuation crossed zero from positive to negative was taken as the beginning of the cycle. The period of the cycle was then divided into eight discreet phase angles. The same process was followed to determine the phase of the PVC with respect to the measurement plane (φ p ). The PVC oscillation was measured from the temporal coefficient of the first POD mode, a 1 (t). This coefficient was sinusoidal, with a frequency of 515 Hz, as was shown in Figs. 4 and 9. Each temporally resolved measurement then was assigned to its closest discrete phase angle in both the acoustic and PVC cycle. This resulted in 64 different acoustic/PVC phase angle combinations describing the repeatable motion in the combustor. The locations of the assigned phase angles over a cycle are shown in Fig.  10 . It is noted that the PVC phase angle is a measure of the position of the PVC from an arbitrary starting point relative to the measurement plane. Choice of this starting point does not affect the results as long as a consistent definition is used. For this work, the time when a 1 (t) crossed zero from positive to negative was taken as the zero phase angle for the PVC motion.
Huang et al. [29] provided a mathematical framework for the study of swirl flame dynamics by decomposing each variable into three parts: a long time average, a periodic fluctuation at the thermo-acoustic frequency, and a random turbulent fluctuation. Here, a similar decomposition is performed that also accounts for the phase of the PVC relative to the measurement plane. Any measured variable, ζ, can be decomposed into three parts, a long time 
With the phase angles stipulated in Fig. 10 , the decomposition produces 64 phase angle combinations and hence 64 values of ζ ap (φ a , φ p ). For notational convenience, the sum of the long time average and doubly phase resolved component will be denoted as
the total fluctuation relative to the long time average will be denoted as
and a periodic fluctuation resolved only with respect to the acoustic phase angle will be denoted as Figure 11 shows the doubly phase resolved mean vorticity- Several important observations can be made from the flow-fields in Fig. 11 . As in Fig. 3 , the axial extension and contraction of the PVC over the acoustic cycle is clearly shown, with the axial distance between the PVC branches varying between approximately 13 mm and 6 mm. Likewise, the PVC was axially extended at the maximum chamber pressure and contracted at the minimum chamber pressure. On the left side of the combustor, the upper branch of the PVC strongly deflected the incoming flow in the radial direction, with increased deflection as the PVC contracted. This is similar to the flow-field observed at t = 0 ms in Fig. 8 . The PVC was close to the flame and the flow appears to be through the mean reaction location. Conversely, on the right side of the flow, the PVC was closer to the nozzle centerline and at a lower axial location. The incoming flow on this side was not deflected radially, but entered the chamber predominantly in the axial direction. The PVC on the right side of the combustion chamber was displaced from the flame and a clear stagnation line is apparent between the incoming reactants and the inner recirculation zone. The flame stabilized close to this stagnation line and accurately followed its shape.
Doubly phase resolved flow-field and combustion statistics
The flame surface density can be used to further elucidate the PVC/flame interaction on the left side of the burner. The flame surface density describes the area of the reaction layers (A f ) in a given volume (δV ) and is given by Σ = δA f /δV . Here, the two-dimensional flame surface density field was calculated by dividing the measurement domain into 2 mm x 2 mm cells and determining the av- , at (φ a , φ p ) = (1, 1) (same as Fig. 11(b) ). There was considerable roll-up of the flame surface in the region of PVC interaction, on the left of the burner. Also, there was significant combustion in the lower left corner of the burner. This corresponds to the burning around the bottom of the reactant jet (in the outer recirculation zone) that was observed in Fig. 8 . Similarly, the asymmetry in the reactant inflow in Fig. 8 was due to the axial deflection of the incoming reactants on the left side of the burner caused by the PVC. This deflection and its effect on the heat release fluctuations will be discussed in more detail in Section 5.
Repeatability of doubly phase resolved instantaneous fields
The distinct patterns shown in Figs. 11 and 12 indicate that there are very repeatable motions to the flow and flame when both the acoustic and PVC cycles are considered. To demonstrate this, Fig. 13 shows short time sequences of instantaneous OH and velocity measurements at times corresponding to the phase angles of the mean fields shown in Figs. 11(b) and 12. The time t = 0 ms in each image was taken at the time that corresponded exactly to the correct combination of phase angles (i.e. (φ a , φ p ) = (1, 1)). As can be seen, both flow and OH fields exhibited similar behaviors: the incoming reactants on the left were deflected radially and penetrated closer to the combustion chamber walls; there was significant combustion around the bottom of the reactant jet on the left side; the reaction layer near the nozzle exit on the left was significantly wrinkled by the PVC and that on the right was aligned along the stagnation line between the incoming flow and the inner recirculation zone.
The repeatability of this configuration is further demonstrated in Fig. 14, which shows the flame surface density field and a typical OH sequence taken 180
• further through the PVC cycle (i.e. when the PVC was in the mirrored configuration), but at the same acoustic phase angle ((φ a , φ p ) = (1, 5) ). Once again, flame surface roll up and burning in the outer recirculation zone occurred, only in this case they were on the opposite side of the combustion chamber. This figure also demonstrates the necessity of considering both the PVC and acoustic phases simultaneously. If only the acoustic phase were considered, repeatable configurations such as this would not appear and the statistics would not accurately represent the instantaneous flow-fields and flame. Fig. 11(b) and the flame surface density field in Fig. 12 ((φ a , φ p ) = (1, 1) at t = 0 ms ). Axes units are mm. Color map is the same as Fig. 8 .
The axial contraction and extension of the PVC shown in Fig. 11 indicates that there is a difference in the PVC interaction with the flame over the acoustic cycle. Figure  15 shows a typical flow-field, flame, and the flame surface density distribution at the same PVC angle as previous results (Fig. 13) , but at the minimum of the pressure fluctuation (φ a = 3). As can be seen, there was considerably less large-scale wrap-up around the PVC, less radial penetration of the reactant jet, and less combustion in the outer recirculation zone than at φ a = 1. The varying interaction of the PVC with the flame as it contracted and stretched over the acoustic cycle therefore may contribute to the acoustically coupled heat release fluctuations. This is discussed further in Section 5.
Since the global flow-field structures are very repeatable, a large fraction of the instantaneous measurements can be well described by the doubly phase resolved statistics. To demonstrate this, Fig. 16 shows the power spectra of different components of the velocity fluctuations:
integrated over the field-of-view. The notation κ ξ indicates the energy associated with a velocity fluctuation taken relative to one of the decomposition levels stipulated in Eq. 1. It is noted that κ does not account for the variable density field and therefore is not truly the kinetic energy. Figure 16a shows the power spectrum of the complete velocity fluctuations taken relative to the long time average, u apt . The total velocity in the combustor fluctuated at exactly the thermo-acoustic frequency, 308 Hz, as the reactants periodically surged into the combustion chamber. Figure 16b shows the velocity fluctuations relative to the doubly phase resolved mean velocity-fields, u t . From this figure, it clearly can be seen that the majority of the velocity fluctuations were contained in the doubly phase resolved mean fields. There remained only a relatively low amplitude peak at 308 Hz, which represented the varying stochastic turbulence (cycle to cycle randomness) between acoustic periods. That is, the oscillating reactant flow caused an oscillation in the intensity of the stochastic turbulence that still was apparent in the spectrum. How- entation with respect to the flow-field. This relationship is important as it helps describe the location and shape of the reaction layers, which influences the phase between combustion and fluid mechanical processes. It was seen in Fig.  11 that when the PVC is not interacting with the flame, the flame tended to exist around the stagnation line between the incoming flow and the inner recirculation zone. When the PVC was interacting such as at (φ a , φ p ) = (1, 1), Fig. 13 shows that the flame was wrapped up around the PVC. To statistically describe these different configurations, the orientation of the reaction layers with respect to the flow-field was considered. The flame surface normal vector,n, was computed at every location along the instantaneous reaction layers. The inverse cosine of the inner product magnitude,
describes the orientation of flame with respect to the flow, where u f is the velocity-field interpolated to the flame sur- 
face. A value of 90
• indicates that the flame was oriented parallel to the flow (e.g. along a stagnation line), while a value of 0
• indicates that the flow was normal to the flame. Figure 17 shows the probability distribution functions (PDF) of Ω taken at the three phase angle combinations in Fig. 11 . The PDFs were compiled over two radial bands, x = ±(7.5 to 12.5) mm. The positive band was located where the mean flame appears to stabilize along the mean stagnation line between the incoming flow and the inner recirculation zone. The PDFs show that the instantaneous flame surface normals were oriented predominantly perpendicular to the flow; the instantaneous flame surfaces were predominantly along the stagnation line. Hence, where the PVC was not interacting with the flame, the flame stabilized between the incoming reactants and the recirculated hot products. The negative radial band was located where the PVC was interacting with the flame. The instantaneous images in Fig. 13 show that the flame was wrapped up by the PVC and that the velocity- field was oriented both tangentially and perpendicularly to the reaction layers. The PDFs in Fig. 17b confirm this distribution of orientation. It is noted that the field-ofview for the velocity measurements was restricted to a 32 mm x 30 mm square around the nozzle exit. It therefore was not possible to determine if spectra in Fig. 16 and the PDFs in Fig. 17 are representative of the entire burner.
Flow-flame interactions causing acoustically coupled heat release fluctuations
The flow-flame interactions described in Sections 3 and 4 have illustrated several mechanisms that can cause thermoacoustically coupled heat release fluctuations. At the minimum combustion chamber pressure, the PVC was axially contracted and did not strongly interact with the flame in the measured field-of-view. However, Fig. 11 shows that the contracted PVC caused the largest radial deflection of the incoming reactants. As shown in Fig. 18 , the minimum-pressure phase (φ a = 3) corresponded to a positive reactant flow-rate fluctuation. After a convective time lag, the increased reactant flux caused increased corrugation of the reaction layers due to the increased turbulence. Furthermore, the high-velocity reactant jets penetrated farther into the combustion chamber, increasing the interface between the inflow and the hot products from the inner recirculation zone. The portion of the reactant stream that was radially deflected by the PVC penetrated closer to the combustion chamber walls. Combustion occurred along the extended reactant/product interface, as well as in the outer recirculation zone below the radially-deflected stream. As the combustion chamber pressure increased, the PVC extended and interacted with the flame, causing significant flame wrinkling. It is noted that the approximately 180
• degree (1.5 ms) lag between the maximum volumetric flow rate and the maximum heat release rate seen in Fig. 18 surging reactants to convect from the nozzle exit to the mean flame-front location (y ≈ 15 mm) at the mean axial velocity (u y ≈ 10 m/s).
These flow-flame interactions pertain to increased heat release rate due to increased reaction layer area [29, 64, 65] . However, changes in the overall heat release rate also could be caused by changes in the reaction rate per unit area due to, for example, changes in the equivalence ratio at the flame [66, 67] . The statistics of the reaction layer length fluctuations therefore were compared to those of the integrated OH* chemiluminescence, which is an indicator of the heat release rate. The total reaction layer length (l f ) was calculated from each OH PLIF image based on the topographic mapping procedure described in Appendix B. Due to the circular symmetry of the combustor, the measured planar flame length was multiplied by its radial coordinate in order to better approximate the true threedimensional flame area (i.e. dl f,3D ∼ rdl f,planar ). The power spectrum of the flame length fluctuations, shown in Fig. 19 , was then compared to that of the OH* chemiluminescence fluctuations. For both l f and OH*, the fluctuation intensity in the range of 308 Hz was determined as the integral of the square root of the area under the power spectrum over a 2 Hz band (307-309 Hz). It was found that, l apt f (308 Hz)
implying that a significant portion of the heat release fluctuations at the thermo-acoustic frequency were caused by fluctuations in the reaction layer area. Different frequency bandwidths surrounding 308 Hz were checked, with no change to the results. However, the OH* chemiluminescence fluctuations are only an approximate indicator of the total heat release fluctuations due to local stratification of this partially premixed flow. It previously has been shown that the local mixture fraction at the flame surface varies significantly in this combustor, regardless of the thermoacoustic phase angle [42] , which effects the relationship between the measured OH* signal and the heat release. Acoustically phase correlated measurement have shown that there is a periodic variation in the average mixture fraction of the incoming reactants [40] . These same measurements indicated that there may be a periodic change in the mean mixture fraction of the reacting fluid at the flame surface over the thermo-acoustic cycle, which would contribute to periodic oscillations in the global heat release rate by altering the local heat release rate per unit area. Such variations in the heat release rate along individual flame segments could not be measured with the present diagnostics. Nevertheless, there definitely were large fluctuations in the reaction layer length at the thermo-acoustic frequency and analysis of these fluctuations yields valuable insight into the instability mechanisms.
It therefore is necessary to analyze the mechanisms that caused changes in the reaction layer area. This was done in two parts. First, fluctuations in the total reaction layer length were considered, followed by fluctuations relative to the doubly phase resolved means.
Fluctuations in the total reaction layer length
In order to analyze the different mechanisms that cause changes in the flame length, one can consider their different length scales. The elongation of the reaction layers due to greater penetration of the reactant jets occurred over a length scale on the order of the combustor width. Wrinkling of the reaction layers due to interaction with the PVC occurred at a scale similar to cross-sectional diameter of the PVC branches. Finally, fine scale corrugation of the flame by stochastic turbulence happened at scales smaller than the PVC.
The relative importance of each mechanism therefore can be determined by filtering the instantaneous reaction layers at a variety of scales, removing corrugations at scales smaller than the filter size in a similar fashion to large eddy simulations. For the current data set, the flame topography was filtered using a square kernel with sizes ranging from 3 mm to 15 mm. The smallest filter removed only small-scale corrugations, but resolved wrinkling at the scale of the PVC. The largest filter removed virtually all corrugations and the resultant fluctuations represented the elongation of the reaction layers. As the filter approached the endpoints of an individual flame segment, the filter size was reduced so as to not extend past the end of the flame. Flame segments that were shorter than the filter kernel were filtered using a kernel width equal to the length of the flame segment, which removed all corrugations from these segments. The largest filter size employed corresponded to approximately half the length of the longest continuous flame segments. A sample instantaneous flame surface filtered at the smallest and largest scales is shown in Fig. 20 .
Power spectra of the flame length fluctuations were computed at each filter scale. The fluctuation intensity in the range of 308 Hz was once again determined as the integrated square root of the area under each power spectrum over the range 307-309 Hz. Figure 21 shows the percentage of flame length fluctuations contained at scales larger than each filter scale. There was a sharp decrease between the unfiltered flame and the smallest filter scale, indicating that approximately 25% of the flame length fluctuations were due to small-scale, stochastic turbulence. At the largest filter scales, the curve began to asymptotically approach a value of around 50%. These represent scales at which no wrinkling occurred and describe elongation of the flame surface due to the reactant surge. The interme-diate range represents large corrugations on the scale of the PVC. Of course, the exact boundaries of the different ranges are not well defined. Furthermore, the flame topography measured from the OH PLIF gradients was slightly dependent on the threshold employed. To determine this effect, the threshold was varied over a range of ±10% of the value used throughout this paper. This range represents the limits for which the resultant topography visually agreed well with the apparent reaction layers. The major effect of varying the threshold was to alter the amount of flame surface in the outer recirculation zone. This changed the amount of flame length fluctuations at all scales, with the large-scale fluctuations being most affected. However, these alterations were minor and did not affect the phenomological results. The error bars in Fig. 21 represent the maximum devation caused by changing the threshold used to measure the topography. Despite any ambiguities, it clearly can be seen that the largest contributor to the flame length fluctuations was elongation of the reaction layers due to the surging flux of reactants.
Doubly phase resolved fluctuations
Section 4 showed that several properties of the flow and flame were highly repeatable when the phase of both the acoustics and PVC were considered. Hence, a large component of the fluctuations in flame surface length may also be highly repeatable and contained within the doubly phase resolved mean fields. To demonstrate this, the turbulent flame length fluctuation at a particular instant, l t f (t), was calculated relative to the doubly phase resolved mean at the phase angle combination corresponding to that instant. The temporal history of l t f (t) represents the fluctuating flame length that is not accounted for in the doubly phase resolved statistics. Figure 22 shows the power spectrum of these fluctuations. Comparing this figure to Fig. 19 , it is apparent that the majority of the flame length fluctuations at 308 Hz were described by the doubly phase resolved statistics; the peak at 308 Hz decreased by approximately 90%. This is consistant with the results from the velocity fluctuations shown in Fig. 16 .
It also is interesting to note that the flame surface length fluctuations over the entire burner occurred at exactly the thermo-acoustic frequency. However, it was seen that the geometry of the reaction layers depended on the PVC cycle relative to the measurement plane. The absence of the PVC frequency in the flame length spectrum is because the entire combustor width was considered at once; fluctuations in the flame length were occurring somewhere in the measurement plane on every acoustic cycle. The influence of the PVC is observed when isolated regions of the combustor are considered. For example, Fig.  23 shows the power spectrum of flame length taken over the radial range x = 5 mm to 15 mm. In this spectrum, the periodicity of the PVC is apparent and the flame length fluctuated at 207 Hz. That is, flame surface variations at this location occurred when the PVC was at a particular position during the acoustic cycle, wrapping up the reaction layers in the measurement plane. This figure also shows the fluctuations taken relative to the doubly phase resolved means. Once again, the doubly phase resolved measurements accounted for nearly all of the measured flame length fluctuations.
Conclusions
High-speed measurements of the three component velocityfield, planar OH distribution, and OH* chemiluminescence were used to describe the flow-field, heat release, and flowflame interaction dynamics in a thermo-acoustically unstable gas turbine model combustor. The combustor was a modified version of a practical gas turbine swirl burner that was installed in an optically accessible combustion chamber. The flame, which burned a CH 4 /air mixture at an equivalence ratio of 0.75 and thermal power of 10 kW, exhibited self-excited thermo-acoustic oscillations at a frequency of 308 Hz.
It was found that the flow-field exhibited several distinct motions: the reactants periodically surged into the combustor at the thermo-acoustic frequency, 308 Hz; a helical precessing vortex core circumscribed the burner nozzle at 515 Hz; the PVC underwent axial extension and contraction at the thermo-acoustic frequency; and there was a change in the stochastic turbulence intensity at the thermo-acoustic frequency due to the surging reactants. The global heat release rate fluctuated at the thermoacoustic frequency. However, the location of the heat release centroid moved around the combustor at 207 Hz, which is the difference between the thermo-acoustic and PVC frequencies. Hence, the interaction of the flame with the PVC had a large effect on the local heat release.
The effect of the PVC-flame interaction on the heat release motivated the compilation of doubly phase resolved statistics that jointly considered the phase of the acoustic cycle and PVC motion. These doubly phase resolved statistics revealed highly repeatable configurations and phenomena. The axial stretching of the PVC was apparent, with contraction occurring at the pressure minimum and extension at the pressure maximum. Where the PVC was not interacting with the flame, the reaction zone stabilized near the stagnation line between the incoming flow and the inner recirculation zone. At other locations, the incoming flow was deflected radially by the PVC. This caused greater penetration of the fuel jet towards the combustor walls and was associated with burning in the outer recirculation zone. At some locations and phase angles, the PVC interacted with the flame and caused significant and repeatable large-scale wrinkling.
The spectrum of the reaction layer length fluctuations showed large oscillations in the flame surface area at the thermo-accoustic frequency that significantly affected the total heat-release oscillations. By filtering the instantaneous reaction layers at different length scales, the importance of different flow-flame interactions affecting the flame length was determined. Based on the length scale, the greatest contributor appeared to be elongation of the reaction layers due to the surging reactant flow, which accounted for approximately 50% of the fluctuations. The remaining 50% was distributed between fine scale stochastic corrugation and large-scale corrugation due to the PVC.
